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Abstract
The paper examines the hypothesis that the devaluation of the domestic cur-
rency leads to the higher exchange rate pass-through at the zero lower bound
since the interest rate channel cannot offset effects of the depreciation in that
situation. Time-varying vector autoregression with stochastic volatility is used
to identify the development of the pass-through. The hypothesis is tested on
the Czech dataset because the Czech Republic is considered as the prototyp-
ical small open economy with inflation targeting. The assumption of higher
pass-through to consumer prices at the zero lower bound is rejected. Obtained
results confirm that the deprecation stimulates output growth slightly more
when the interest rate is close to zero. Our estimations imply that the ex-
change rate commitment of the Czech National Bank increased the price level
by 0.116 % and contributed to the output growth by 0.781 %.
JEL Classification C32, E52, F41





Článek zkoumá hypotézu, zda depreciace při nulové nominální úrokové míře
vede k většímu růstu cen a produktu než za normálních okolností. Stanovená
hypotéza vychází z předpokladu, že při nulové nominální úrokové míře nemůže
být reakce cen a produktu potlačena skrz zvýšení nominální úrokové míry.
Hypotéza je testována pomocí vektorové autoregrese s proměnnými parametry
v čase a se stochastickou volatilitou, která umožnuje určit, jak se transmise
kurzového šoku mění v čase. Model je odhadnut pro Českou republiku, kterou
lze považovat za ukázkový příklad malé otevřené ekonomiky dlouhodobě cílující
inflaci. Výsledky ukazují, že k větší transmisi kurzového šoku při nulové úrokové
míře dochází pouze do produktu. Kurzový závazek České národní banky vedl
k navýšení inflace o 0,116 %. Produkt vzrostl v důsledku kurzového závazku o
0,781 %.
Klasifikace JEL C32, E52, F41
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hranice nulové nominální úrokové míry,
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After the Great Recession, conventional monetary policy tools have become
bounded by the zero nominal interest rate. Since central banks wanted to
reach the inflation target, they had to experiment with unconventional instru-
ments of monetary policy. In the case of small open economies, the exchange
rate management seems to be an reasonable option. The devaluation of the
domestic currency should lead to higher consumer prices since the change of
the exchange rate won’t be offset by the interest rate channel at the zero lower
bound. Additionally, output might increase as another consequence of devalu-
ation of domestic currency.
The main idea of the paper is to evaluate the proposed economic theory and
find whether the pass-through is really higher at the zero lower bound since re-
cent literature does not provide clear answer to this question. Economic models
built within the New Keynesian framework predict higher inflation and output
growth if the depreciation occurs during period of the zero lower bound (Svens-
son 2000). On the other hand, there is only weak empirical evidence which
confirms findings of economic models. Most empirical studies find rather op-
posite, decreasing exchange rate pass-through at the zero lower bound (Özyurt
2016; Jašová et al. 2016). This leaves free room for our research.
The hypothesis is tested on the Czech data since the Czech Republic is a
small open economy with long tradition of inflation targeting. Additionally, the
Czech National Bank is the first central bank which adopted the exchange rate
floor according to Svensson’s proposal (2000). Our dataset covers period from
January 1998 to November 2016 and includes four years of observations when
the zero lower is prevailing. It allows to us properly investigate how the pass-
through changed when the interest has become bounded by zero. Time-varying
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vector autoregression with stochastic volatility serves as the main estimation
strategy since it is sufficiently flexible to capture changes in the transmission
mechanism of the monetary policy. Virtue of used model is ability to assess
the impact of the depreciation on the price level and output for each month
separately. This allows to us evaluate the effectiveness of the exchange rate floor
as the unconventional monetary policy tool introduced by the Czech National
Bank in November 2013.
Both linear and time-varying models provide an evidence that the structural
break in the transmission mechanism occurs when the zero lower bound is
reached. Chow tests prove the existence of multiple structural breaks in the
baseline linear model. Hence, time-varying vector autoregression is appropriate
estimation strategy.
Using time-varying vector autoregression with stochastic volatility,we find
that the exchange rate pass-through is rather fast and it is completed after less
than two years for the most of observations. The exchange rate pass-through to
consumer prices is declining together with inflation over time and this tendency
did not change even when the zero lower bound was reached. Positive impact
of the depreciation on output is slightly more distinctive for the end of sample
when the low interest rate is prevailing. The response of output at the zero
lower bound is less pronounced in time varying vector autoregression than in
linear model. Obtained results confirm the assumption that the interest rate
channel disappears in the situation when the interest rate is extremely low.
According to our analysis, the output growth and the nominal interest rate
seem to be the most important macroeconomic determinants of the size of the
pass-through to consumer prices and output.
From the monetary policy perspective, the ability of the exchange rate
management to stimulate inflation is limited. Unit depreciation of the currency
is not able to increase the price level more than by 0.11 % after two years from
the initial deprecation. Similarly, unit deprecation brings output growth lower
than 0.1 %. We find that the 5 % depreciation in November 2013 contributed
to price level by additional 0.116 % and increased output by 0.781 % after two
years from the introduction of the exchange rate commitment1.
The thesis is structured as follows: Chapter 2 gives deeper motivation to
proposed topic and summarizes stylized facts about the exchange rate pass-
through. Chapter 3 presents used estimation strategy. Chapter 4 covers ba-
sic information about used variables and their transformation. Chapter 5 de-
1Reported estimations correspond to the 5 % deprecation of CZK/EUR exchange rate.
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scribes structural breaks in the data and shows how the transmission mecha-
nism changed at the zero lower bound. Chapter 6 contains estimations of time
varying exchange rate pass-through. Monetary policy implications are included
in this chapter. Chapter 7 summarizes our findings and suggests possible ex-
tensions of the article for further research.
Chapter 2
Literature Review
2.1 Exchange Rate Peg as Unconventional Mon-
etary Policy Tool
The nominal interest rate had declined in developed countries during last two
decades until the zero lower bound (ZLB) was reached after the Great Reces-
sion. Since the nominal interest rate has been traditionally considered as the
main instrument of monetary policy (namely under inflation targeting regime),
monetary authorities lost their main tool. In this situation, central banks are
not able to stimulate output by lowering the nominal interest rate when the
negative shock hits the economy. Therefore, it is necessary to find out a way
how to increase low inflation and the nominal interest rate by unconventional
monetary policy tools.
The most common unconventional tools are qualitative and quantitative
easing, forward guidance, negative nominal interest rate and exchange rate
management. The other possibilities as helicopter money and switching mone-
tary policy regime from inflation to price level targeting are discussed primarily
on the theoretical level. Quantitative easing is used when the finance sector of
the economy has insufficient amount of liquidity. Qualitative easing decreases
the amount of risky assets on the market. These two tools are relevant only
when the economy faces to problems on the financial markets. The lowering
of the nominal interest rate significantly below zero brings great uncertainty
about behaviour of economics agents (Bech & Malkhozov 2016). Clearly de-
fined forward guidance is necessary for success of all others unconventional
monetary tools because only then unconventional tools will become credible.
When the financial sector of a small open economy is in good condition,
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the exchange rate management and foreign interventions are only reasonable
possibilities of the unconventional monetary policy. The main advocate of
the exchange rate management at the zero lower bound is Svensson (2000) who
suggests temporary exchange rate peg (devaluation) together with the adoption
of price level targeting as a possible solution how inflation expectations can be
increased.
The introduction of the exchange rate peg according to Svensson’s proposal
(2000) leads to the nominal depreciation of the domestic currency. The nominal
depreciation influences price level and the development of real macroeconomic
variables through direct and indirect effects (Savoie-Chabot & Khan 2015).
The depreciation has two direct effects. Firstly, prices of finished imports are
higher. Secondly, imported inputs become more expensive and production costs
of domestic firms rise. Both direct effects increase price level. The main indirect
consequence of the depreciation is less expensive domestic production relative to
foreign producers. Cheaper production increases domestic and foreign demand
for domestic goods. It implies the higher balance of trade and the stimulation
of output growth (mainly in the case of the exporting economy). The high
demand for the domestic production also influences labour market where firms
hire more workers who get higher wage. Because of high demand for domestic
goods and limited sources of inputs which become more expensive, firms have to
increase their prices. Overall, the nominal depreciation brings higher inflation,
output growth, export and lower unemployment and import.
Until now, we omit the central bank from the transmission mechanism. But
the magnitude of the exchange rate shock on other macroeconomic variables
depends on the policy of the central bank. In the case of inflation targeting,
the main objective of the central bank is stable and positive inflation (output
stability can be secondary aim for some central banks). Therefore, the central
bank increases the policy rate as a reaction to the depreciation and expected
inflationary pressure. This is a way how price stability will be ensured under
normal circumstances when the nominal interest rate is above zero. Completely
different situation is at the zero lower bound when the central bank wants to
stimulate inflation. In that case, the central bank does not response to the
depreciation by raising the nominal interest rate. Therefore, the depreciation
should lead to higher inflation and output growth at the zero lower bound.
From this description is clear how the exchange rate peg (devaluation) can
serve as unconventional monetary policy tool when the zero nominal interest
rate is reached. This argumentation is supported by Franta et al. (2014) and
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Malovaná (2015) who mention that the introduction of the temporally exchange
rate floor should be sufficient to stimulate inflation. Moreover, Malovaná (2015)
proposes that the exchange rate floor is the most effective foreign intervention
regime when the small open economy is facing deflationary pressures.
The most of literature studying the exchange rate pass-through at zero
lower bound comes from Japan (Shioji 2012; 2015; Iwata & Wu 2006). Japan
is the big open economy with the specific development in previous decades (Lost
Decade) and therefore empirical evidence from Japan has very limited impli-
cation for a small open economy. Although Switzerland was the first country
which used temporary exchange rate at the ZLB, the main motivation for nom-
inal the exchange rate floor was strong pressure on the appreciation of Switzer-
land Frank (Franta et al. 2014). Hence, the Czech National Bank (CNB) was
the first central bank which introduced temporary exchange rate commitment
with aim to increase inflation according to Svensson’s (2000) proposal. There-
fore, this article particularly focuses on the pass-through in Czechia. Moreover,
Czech Republic is widely considered as traditionally inflation targeting econ-
omy. For this reasons, it is useful to summarize the monetary policy of the
CNB and recent literature which investigates the size of the pass-through in
the Czech economy.
The Czech National Bank resorted to an exchange rate policy in November
2013, when the floor of the exchange rate was fixed at 27 CZK/EUR. The
nominal weakening of the Czech crown lasted until the beginning of April 2017.
This weakening of the currency relied on the assumption that the pass-through
is higher at the zero lower and therefore the exchange rate management can
influence inflation and output as it was already described. Economists of the
Czech National Bank (Lízal 2015; Tomšík 2016) repeatedly argue that the
exchange rate peg has increased inflation and output growth remarkably. Lízal
(2015) provides counterfactual analysis for different scenarios and show that
the exchange rate management was only possible way how to overcome the
deflationary threat. Tomšík (2016) assumes that 5 % depreciation1 should
increase consumer prices by 1.6 % in the long-term (it implies the pass-through
just below one third). But when Tomšík (2016) compares development of price
indexes in the euro area and in the Czech Republic for the period between
December 2013 and October 2015, the differential is lower than it was expected.
The wedge of the producer price index is 0.8 for given period. In the case of the
15 % depreciation corresponds to the size of the depreciation after the introduction of the
exchange rate floor in November 2013.
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consumer price index, the wedge is even lower (0.5; the pass-through is only
0.1 %). Low and insignificant impact of the exchange rate floor on consumer
prices is also obtained by the synthetic control method (Opatrný 2016).
2.2 Exchange Rate Pass-Through
Evaluation of the impact of the exchange rate shock to price level and output
is crucial when the exchange rate management is considered as possible uncon-
ventional monetary policy tool. Therefore, effectiveness of depreciations and
appreciations is measured by the exchange rate pass-through (ERPT) which
shows how much price level (and eventually output) responses to a one per-
centage change in the exchange rate (Goldberg & Knetter 1997). Stylized facts
about the pass-through and its estimation are summarized in the following
paragraphs.
According to a macroeconomic theory, the size of the pass-through moves
between zero (none pass-through) and one (complete pass-through) (Goldberg
& Knetter 1997). The pass-through is the highest to import prices and gradu-
ally declines along the distribution chain (McCarthy 1999). For instance, the
pass-through to import prices is roughly 0.8 %, the pass through to producer
prices reaches 0.6 % and the pass through to consumer prices is approximately
lower than 0.2 % in the most important economies of the euro area (Comunale
& Kunovac 2017). The pass-through to import prices is incomplete because
firms internalize costs connected with the change in the nominal exchange rate
into their mark-up rather than change prices completely. The type of goods
also influences the size of the pass-through. The response of tradable goods is
much higher to the exchange rate shock than response of nontradable goods
such as services (Babecká 2007). Important determinant of the size of the
pass-through to consumer prices is the sensitivity of domestic firms demand-
ing foreign inputs to the exchange rate shock. In the case of the appreciation,
less expensive foreign inputs of domestic producers influence consumer prices
more than cheaper import of finished goods (Goldberg & Campa 2010). Taylor
(2000) and his followers (for instance Takhtamanova 2008; Edwards 2006; Shin-
tani et al. 2013) have pointed out that the size of the ERPT positively depends
on the inflation rate and therefore the ERPT was declined during the period
of Great Moderation. This finding is connected with the inflation targeting
as a credible monetary policy regime (Takhtamanova 2008). Observation that
the pass-through depends on inflation has implication also for cross-country
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differentials. Typically, emerging economies which have not adopted inflation
targeting response to the exchange rate shock more than developed economies
(Ca’Zorzi & Hahn 2007). But some differences in the pass-through also hold
among similar advanced economies - the pass-through to consumer prices is
higher in Spain and Italy than in France and Germany (Özyurt 2016).
Iwata & Wu (2006) investigate the difference in the transmission mechanism
of foreign exchange interventions in Japan under normal circumstances and
in the situation when the zero lower bound is reached. They use structural
vector autoregressive model where the interest rate is specified by Tobit type
of nonlinearity. The nominal interest rate is censored variable for periods when
the zero is binding. This specification allows to estimate the transmission
mechanism for separately both regimes. Iwata & Wu (2006) find that the
effectiveness of foreign interventions is higher in normal times than at the zero
lower bound. But according to their results, foreign interventions are still
able to stimulate inflation and output although the zero nominal interest rate
prevails in the economy. More recently, Jašová et al. (2016) estimate time-
varying pass-through separately for advanced and emerging2 economies before
and after the crisis. Using one-equation rolling regression, they find stable pass-
through for advanced economies and lower post-crisis pass-through in the case
of emerging countries. The exchange rate pass-through dramatically dropped
from 0.3 % to 0.22 % in the euro area in 2012 (Özyurt 2016). These results
seem to be contradictory to Svensson’s model (2000) which states that the
pass-through is higher at the zero lower bound.
Several ways how the ERPT can be estimated exist. The first approach is
simple ordinary least-squares regression. The backward looking Phillips curve
for an open economy is used as the basic benchmark in this case. Shortcoming
of this approach is that one equation model is not able to take into account
monetary policy decision of the central bank as the response to the exchange
rate shock. From econometric point of view, endogeneity problem is the main
issue of single equation model (Devereux et al. 2003). Multivariate time series
models such as the vector autoregression (VAR) overcome this issue (McCarthy
1999; Babecká 2007). On top of that, VAR allows contemporary interaction
between chosen variables. The ERPT is measured by impulse response function
(IRF). It identifies how inflation or other variables develops when the shock to
the nominal exchange rate has occurred. IRF assesses the size of the short-term
ERPT meanwhile the long-term ERPT is given by cumulated IRF. Vector er-
2Among emerging economies were also included Central European countries.
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ror correction model (VECM) is an alternative technique how to estimate the
ERPT. Its advantage is preservation of long term relationships between cointe-
grated variables. Hence, VECM assumes the existence of the macroeconomic
equilibrium, where variables converge. Cointegrated models bring higher esti-
mates of the ERPT than VAR models do (Beirne & Bijsterbosch 2011).
More up-to-date research focuses on nonlinearities in the ERPT using time-
varying or threshold methodology. Especially threshold (vector) autoregression
is used quite often. The main finding of threshold models is the verification of
the presence of nonlinearities in several ways. Firstly, the price level reacts more
to the depreciation than to the appreciation (Dellate & Lopez-Villavicencio
2013). In the case of the appreciation, domestic firms have not any strong
incentive to reduce their prices because the change of the exchange rate leads
to the higher profit of firms. Secondly, the size of the change in the nominal
exchange rate has positive impact on the pass-through. Large changes in the
exchange rate cannot be easily internalized as a smaller ones (Correa & Minella
2010; Caselli & Roitman 2016). For the same reason, expectations of the long-
term change in the exchange rate increase the pass-through (Correa & Minella
2010; Ozkan & Erden 2015). What remains somehow unclear is the relationship
between the output gap and the pass-through. For instance, Cheikh (2012) and
Correa & Minella (2010) find the higher pass-through during expansions than in
the situations of lower output growth. Cheikh (2012) argues that firms are more
willingness to internalize costs of the devaluation in the recession than in the
expansion, because they face low demand during the economic slowdown. On
the other hand, Ozkan & Erden (2015) show the negative effect of output gap
on the exchange rate transmission mechanism to consumer prices. They claim
that the higher domestic production increases the output gap which reduces
demand for imported goods and hence the pass-through has to decline. The
possibility of ambivalent effect of output gap on the ERPT is also mentioned
in Ghosh & Rajan (2009). Generally, the estimation of the ERPT by nonlinear
model is significantly higher under some specific condition which linear models
cannot take into account. This observation is important because it means that
the EPRT is changing over time.
To track time-variation in the pass-through, models with time-varying pa-
rameters are used. Primiceri (2005) introduces famous framework of time-
varying structural vector autoregression with stochastic volatility (TVP-VAR-
SV). Time-varying VAR allows to capture effect of structural breaks, trends and
other factors such as the effect of business cycles on the size of the ERPT (Koop
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& Korobilis 2012). The disadvantage of time-varying VAR is large number of
parameters and hence high uncertainty about estimations (Koop & Korobilis
2012). It implies wide confidence intervals for estimated parameters and their
statistical insignificance. Using time-varying VAR, Sekine (2006) finds the de-
clining ERPT in G7 countries in the pre-crisis period. Time-varying structural
VAR for United Kingdom, euro area, Canada and Japan has brought similar re-
sults (Mumtaz & Sunder-Plassmann 2010). Another examples of time-varying
VAR are Shioji (2012; 2015). In the case of Japanese economy, Shioji (2012)
rejects the hypothesis of the higher ERPT at the zero lower bound. Opposite
results brings his updated analysis. At the end of 2012, the ERPT has started
to rise in Japan (Shioji 2015). Time-varying VECM is used rarely, because it
is not able to provide reasonable results (Babecká 2007).
The exchange rate pass-through has been estimated several times for the
Czech Republic in last years. Babecká (2007) finds that the long-term pas-
through is not higher than 30 % when different specifications of vector au-
toregressive model and its cointegrated counterpart are employed. Babecká
et al. (2013) are not able to make clear conclusion about the development
of the ERPT over time due to its sign instability and high volatility during
Great Recession. Nevertheless, they suppose that the exchange rate channel
had been weakened during Great Recession. But it is in contradiction with
Hájek (2014) who finds the highest pass-through during periods of economic
slowdown. Moreover, his estimation of time-varying VECM contra-intuitively
suggests that the ERPT was declining in 2012 and 2013 when the nominal
interest rate was already bounded by zero. But this result might be biased,
because his dataset ends at the beginning of 2014 and the estimated ERPT
is highly volatile. Franta et al. (2011) employ TVP-VAR-SV to estimate the
ERPT between 1996 and 2010. According to their results, the response of con-
sumer prices to the exchange rate shock remains stable over time, only at the
end of the sample the ERPT has started to increase. Consumer prices react
to the exchange rate shock two-times slower than in Babecká (2007). Notably,
variation of ERPT is much lower in the case of Franta et al. (2011) than in
Hájek (2014). The size of the estimated long-term ERPT moves between -20%
and 60% in Hájek (2014), whereas Franta et al. (2011) provide much lower
estimations which confirms the sensitiveness of results to used econometric ap-
proach.
Although some articles try to identify the impact of the CNB’s exchange
rate management, none of them estimate the size of the ERPT at the zero
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lower bound. Mixed evidence on effectiveness of the CNB’s unconventional
monetary policy and unclear development of the pass-through among economies
are reasons why the further research is desirable.
Chapter 3
Methodology
3.1 Time-Varying VAR with Stochastic Volatility
Vector autoregressions are widely used to study transmission mechanisms of
monetary and fiscal policies. It allows to investigate simultaneous interac-
tion among time series. Since estimated vector autoregression includes many
coefficients which have not straightforward interpretation, estimations are in-
terpreted by impulse response functions. They show how each time series re-
sponses when exogenous shock hits given variable. In a standard linear vector
autoregression, set of impulse responses is same for all considered time periods.
This is the weaknesses of linear VAR because such model cannot capture any
structural break or trend in the transmission mechanism between considered
variables. Time-varying vector autoregression overcomes this shortcoming be-
cause it provides a unique set of impulse response functions for each time period
in the dataset. The identification of impulse responses separately for each data
point in the time allows to capture trend and structural breaks in the econ-
omy. Therefore, time-varying approach is suitable to assess the development of
the pass-through over time regardless of the structural changes in the economy
such as the reaching the zero lower bound. This chapter describes derivation
and specification of time-varying VAR with stochastic volatility. The model
assumes stochastic volatility because fluctuations of macroeconomic variables
is changing over time. For instance, macroeconomic variables are usually more
volatile during recession than during expansions (Koop & Korobilis 2012).
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3.1.1 Model
In accordance with Primiceri (2005) and Nakajima (2011b), we construct fol-
lowing model:
Atyt = ct +
p∑
i=1
Fi,tyt−i + ut, (3.1)
where yt is an k × 1 vector of endogenous variables, ct is an k × 1 vector of
time-varying intercepts, and At, Fi,t for i = 1, ..., p are k × k matrices of time-
varying coefficients. The number of lags in the model is defined by p. The
disturbance ut is the k × 1 structural shock, which follows normal distribution
ut ∼ N(0,ΣtΣt), where
Σt =

σ1,t 0 · · · 0
0 σ2,t
. . . ...
... . . . . . . 0
0 · · · 0 σk,t
 .
Simultaneous relations of the structural shock are defined recursively by the
lower triangular matrix At,
At =

1 0 · · · 0
a21,t 1
. . . ...
... . . . . . . 0
ak1,t · · · ak k−1,t 1
 .
We can rewrite the structural model into its reduced form:
yt = ct +
p∑
i=1
Bi,tyt−i + A−1t Σtεt ut = A−1t Σtεt, (3.2)
where Bi,t = A−1t Fi,t. Stacking intercepts ct and matrices of coefficients Bi,t
for all t into a vector βt of the length k(kp + 1), and defining Xt = Ik ⊗
(1, y′t−1, ..., y
′
t−p), the model can be rewritten as
yt = Xtβt + A−1t Σtεt. (3.3)
In the next step, we define the evolution of time-varying parameters over
time. Firstly, let stack unknown parameters of the lower triangular matrix At to
a vector αt = (a21,t, a31,t, a32,t, a41,t, ..., ak k−1,t) of the length 12(k−1)k. Diagonal
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elements of Σt are logarithmically transformed hjt = log σ2jt for j = 1, ..., k and
stacked into an k × 1 vector ht = (h1t, ..., hkt). Vectors βt, αt, ht evolve for
t = s+ 1, ..., n as random walk without drift:
βt+1 = βt + uβ,t+1, (3.4)
αt+1 = αt + uα,t+1, (3.5)
ht+1 = ht + uh,t+1. (3.6)
From the equation (3.6) is visible that standard deviation σt evolves as geo-
metric random walk, which belongs to the class of stochastic volatility model
(Primiceri 2005). A vector of error terms εt and innovations of time-varying








Ik 0 0 0
0 Σβ 0 0
0 0 Σα 0
0 0 0 Σh

 ,
where Ik is identity matrix of dimension k×k. Matrix Σh is diagonal meanwhile
matrices Σβ,Σα, depict the covariance structure of innovations.
Nakajima (2011a) suggests that TVP-VAR-SV without any technical mod-
ification is appropriate to investigate relationships among macroeconomic vari-
ables even at the zero lower bound.1 To specify the model correctly when the
zero nominal interest rate prevails in the economy, additional variable has to
be added as a proxy for the monetary policy of the central bank. Nakajima
(2011a) expects that the transmission mechanisms trough the interest rate
channel disappears naturally due to nature of the time-varying model.
3.1.2 Bayesian Inference
Overparametrisation is serious issue of TVP-VAR-SV since large number of
parameters have to be obtained for each observation. Bayesian estimation is
a popular way how to deal with the overparametrisation and how to make
impulse response more precise (Koop 2003). Bayesian econometrics combines
two sources of information - empirically obtained likelihood and prior beliefs of
1Classical TVP-VAR-SV can provide misleading IRFs at the ZLB when the interest rate
shock is considered. We do not discuss this issue in details since it has not any impact on
our estimation strategy and results.
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the researcher. These two factors together with probability distribution of the
data form the posterior density of estimated parameters:
p(θ|y) = p(y|θ)p(θ)
p(y) , (3.7)
where y denotes the data and θ is the vector of parameters. The posterior
density p(θ|y) is defined as multiplication of the likelihood p(y|θ) and priors
p(θ) divided by the probability density of the data. The equation (3.7) is also
known as the Bayesian’ law. Since p(y) does not depend on parameters of
interest θ, the Bayesian’ law can be simplified to
p(θ|y) ∝ p(y|θ)p(θ), (3.8)
where ∝ means that the posterior density proportionally corresponds to the
likelihood times priors. Point estimation of parameters θ can be obtained from
the posterior distribution.
Analytical solution of the posterior distribution does not exists when the
model is complicated and large. For this reason, numerical integrated methods
based on Markov chain Monte Carlo (MCMC) simulation are employed. The
convergence of draws to true values of parameters when the number of iterations
becomes large is the main advantage of MCMC simulation. Weak law of large
numbers holds for MCMC methods. Gibbs algorithm is commonly used to sam-
ple coefficients of time-varying VAR with stochastic volatility. Gibbs algorithm
is used when it is possible to sample from conditional distributions (Greenberg
2008). Suppose we wish to sample from joint distribution f(x1, . . . , xd). Firstly,
we have to specify initial values x02, . . . , x0d and then we can start to sampling
the first iteration for x1, . . . , xd. The draw x11 serves as the initial value for
conditional draw x12. Starting values for next draws xi; i ∈ {1, . . . , d} are grad-
ually updated. When the first iteration is finished, all starting values x02, . . . , x0d
are already replaced by draws of the first iteration x11, . . . , x1d. This process is
repeated until the end of g-th iteration is reached. Sample average of these g
draws corresponds to true mean value for each xi when g is sufficiently large and
firsts iterations are discarded because they are biased due to arbitrary choice
of starting values x02, . . . , x0d. It is possible to summarize Gibbs algorithm by
the scheme (Greenberg 2008):




























































In the case of TVP-VAR-SV, Gibbs algorithm is used to generate joint
posterior of AT , BT ,ΣT , v. Drawing process of one iteration consists of four
parts. Draws are carried out in this order: drawing time varying coefficients
(BT ), simultaneousness relations (AT ), volatilities (ΣT ) and hyperparameters
V conditionally on data and the rest of parameters (Primiceri 2005). Inter-
ested readers can find more detailed description of the estimation procedure in
Primiceri (2005).
3.1.3 Priors
It is necessary to specify priors about initial values of parameters and their
expected variance overtime. Many different approaches how to specify prior
beliefs about parameters exist. Review of possible approaches is available in
(Koop & Korobilis 2012). We follow widely used strategy that priors are set
according to estimations of linear VAR on the training sample (Primiceri 2005).
Initial values of vectors βt, αt, ht at t = s + 1 have normal distribution with
mean and variance equal to estimations of linear VAR model on the training
sample:
βs+1 ∼ N(B̂OLS, 4 ∗ V (B̂OLS)), (3.9)
αs+1 ∼ N(ÂOLS, 4 ∗ V (ÂOLS)), (3.10)
hs+1 ∼ N(ĥOLS, 4 ∗ Ik), (3.11)
where ÂOLS, B̂OLS, ĥOLS are ordinary least squares estimations of linear vector
autoregressive model for first τ observations. Variance of starting values is
multiplied by arbitrary value of four to take into account uncertainty about
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k2α ∗ (1 + dim(Σα,l)) ∗ V (Âl,OLS), 1 + dim(Σα,l)
)
, (3.14)
where hyper-parameters kα, kβ, kh specify prior beliefs about the amount of
time variation. Inverse-Wishart distribution of innovations is assumed. Prior
beliefs about innovations of time-varying coefficients β become too tight when
the training sample is long (Σβ depends on τ , see the equation 3.12). This can
resulted in underestimated time-variation of β coefficients. If this issue arises,
higher value of kβ is an option how to obtain less tight priors. Innovations of
simultaneous relations α are specified by blocked covariance matrices in the
equation (3.14), where l ∈ {1, 2, ..., k − 1} and k is number of endogenous
variables.
3.2 Specification of Model
3.2.1 Lag Selection
All estimated VAR models include four lags of endogenous variables. The
number of lags is chosen with respect to the origin of data and the necessity
to construct the smallest possible model. TVP-VAR-SV includes usually only
two lags which is the lowest acceptable number to capture dynamic of the mul-
tivariate system (Nakajima 2011b). We have to use more lags since output
is interpolated. Four lags ensure that the model contains sufficient informa-
tion about interpolated output growth (estimation for each month includes of
information from at least three original observations of quarterly GDP). Our
choice of the number of lags is supported by information criteria for linear VAR
which suggest three or more lags. More details about informations criteria are
provided in Chapter 5.
3.2.2 Structural Identification of Model
We specify contemporary relations among variables recursively. Lower triangu-
lar Choleski decomposition of matrix A−1t is used. Ordering of variables matters
when Choleski decomposition is utilized. The first variable does depend only on
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itself exogenous shock but the shock to the first variable influences immediately
all remaining endogenous variables. The second variable is contemporaneously
influenced by the shock from the first equation meanwhile its present value
does not depend on shocks to other variables. The variable ordered as the last
one is influenced immediately by the exogenous shock to any variable.
Variables are ordered in this way: output, price level, nominal interest
rate and exchange rate. The exchage rate responses without any delay to
all exogenous shock since the exchange rate can freely move on the market.
Because the interest rate is set by the central bank according to the expected
future performance of the economy, the central bank immediately takes into
account information about shocks to output and inflation. Rigidities occur in
responses of output and price level to exogenous shock from other variables.
Price level contemporaneously reacts only on the shock to output. Following the
econometric model, the vector of structural shocks ut defined as ut = A−1t Σtεt







1 0 0 0
α21,t 1 0 0
α31,t α32,t 1 0
α41,t α42,t α43,t 1


σy,t 0 0 0
0 σπ,t 0 0
0 0 σi,t 0









where lower indexes denotes variables: y is monthly growth rate of output, π is
monthly inflation, i is the nominal interest rate and s is used for the exchange
rate. Note that the exchange rate here also serves as a proxy for the monetary
policy at the zero lower bound how Nakajima (2011a) suggests.
The recursive ordering is common for models describing big open economy
(Christiano et al. 1996), but the application of Choleski decomposition to the
small open economy is quite controversial (Kim & Roubini 2000). The recursive
ordering is satisfying for our model because we expect that the central bank
does not response to the exchange rate shock immediately. Lagged response
of the interest rate to the exchange rate shock seems to be plausible since we
use monthly data. The board of the central bank need some time to evaluate
possible outcomes of the exchange rate shock before they make policy decision.
To identify the exchange rate pass-through, orthogonalized cumulated im-
pulse responses are used. Time horizon for assessment of the long-term pass-
through is set to two years since the exchange rate pass-through to other vari-
ables is fast in the Czech Republic Babecká (2007); Babecká et al. (2013). The
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exchange rate shock is defined as one percentage deprecation. One standard
deviation serves as benchmark to asses statistical significance of impulse re-
sponses. 68 % credible intervals are computed from bootstrapped simulations.
Median impulse responses are reported instead of average responses in the case
of TVP-VAR-SV.
3.2.3 Training Sample and Priors
Priors are determined from linear VAR estimated on the whole sample instead
of using training sample. We chose this option for two reasons. Firstly, we do
not want to rely on the training sample which includes observations preceding to
January 1998. The transmission mechanism of the monetary policy works quite
differently before the adoption of inflation targeting and therefore obtained
priors could be misleading for our model. Similarly, if the first two years of
observations would be used as training sample, linear VAR would not be able
to provide reasonable estimations of coefficients because the interest rate was
high and quickly decreasing at that time as the consequence of the transition
from the old to the new monetary policy regime.
Our choice of training sample is motivated by Canova (2003) who recom-
mends to use all observations as training sample when the length of time series
is too short. Since we have 227 available observations we are in slightly different
position and we have to adjust prior beliefs about time variation of β coeffi-
cients because the length of time series (large τ) imposes unreasonable tight
priors on time variation of coefficients (see equation 3.12). To solve this issue,
we set a value of hyperparameters kβ loosely. Because time variation of results
changes when different values of kβ are used, we estimate the model for three
different values of hyperparameter: kβ = {0.1, 0.2, 0.3}. Hyperparameter kβ
equal to 0.2 serves as baseline specification and other two values of kβ are used
to assess robustness of results. We set values of kα and κh to 0.05. Estimations




The dataset consists of six macroeconomic variables: gross domestic product
(GDP), consumer price index (CPI), Prague InterBank Offered Rate (PRI-
BOR) and three alternative specifications of the exchange rate (nominal ef-
fective exchange rate (NEER) and bilateral exchange rates CZK/EUR and
CZK/USD). All variables except the nominal interest rate are transformed into
monthly growth rates to ensure the stability of linear VAR. Variable PRIBOR
remains in levels. GDP measures the real economic activity of the economy.
CPI shows how prices of consumed goods are changing overtime. The interest
rate of the CNB, the main policy tool of inflation targeting, is depicted by PRI-
BOR (three months PRIBOR interest rate is used). Nominal exchange rates
provide information how the Czech crown is valuable in comparison with other
currencies. The increase of the NEER means the appreciation meanwhile the
increase of bilateral exchange rates denotes the depreciation. For this reason,
we multiple the growth rate of the NEER by minus one to obtain comparable
interpretation of exchange rates. Database ARAD of the CNB serves as the
main source of data. Values of the NEER are retrieved from the Bank for
International Settlements.
Different specifications of the exchange rate are utilized for two reasons.
Firstly, each specification of the exchange rate provides slightly different infor-
mation. The nominal effective exchange rate is chosen as the core specification
because it reflects exchange rates with main trade partners. The weight of the
each foreign currency in the bundle is set according to the size of mutual trade
with given country. The bilateral exchange rate CZK/EUR is chosen due to
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fact that the euro area is the main destination of the Czech export. Approxi-
mately two thirds of the Czech export goes to the euro area (Lízal 2014). The
exchange rate CZK/USD identifies the importance of non-euro trade partners.
Moreover, it takes into account the re-exportation of the Czech export to the
euro area since the movement of CZK/USD exchange rate is closely related to
the changes of USD/EUR exchange rate. Because 60 % of the Czech export
consists of intermediates (Baldwin & Lopez-Gonzalez 2013), the deprecation of
the euro to the dollar stimulates not only the world demand for the euro area
production but also the demand for Czech inputs in the euro area. The second
reason to estimate model with alternative definitions of the exchange rate is to
evaluate the robustness of results.
Variables depict the condition of the Czech economy from January 1998 to
November 2016 at monthly frequency. Dataset does not include observations
before the adoption of inflation targeting because the transmission mechanism
of the exchange rate shock worked quite differently at that time. Time series of
the exchange rate CZK/EUR is available from January 1999 when the common
European currency was introduced.
Time series of GDP and CPI are seasonally adjusted. Seasonality of con-
sumer prices was removed by X-12-ARIMA procedure because original time
series suffers from the strong periodicity of price growth in January. Seasonally
adjusted GDP was obtained directly from ARAD. Since output is available only
at quarterly frequency, we interpolated it into monthly data by cubic spline.
Output is interpolated by cubic spline with not-a-knot end conditions for
the first and the last observation. Output observed in quarter frequency is sub-
stituted for month in the middle of quarter (February, May, August, November)
and values for remaining months are interpolated. For this exercise, we use time
series of GDP from the first quarter 1996 to the fourth quarter 2016. That al-
lows to find GDP in January 1998 which would not be possible when time series
started in 1998 would be used instead. Figure 4.1 depicts quarter growth rates
of interpolated and original data.
Spline interpolation is preferred over polynomial interpolation because it
provides smaller interpolation error (de Boor 1978). Cubic spline is the sim-
plest specification of spline which ensures the minimization of the curvature of
interpolated points. Since there is not sufficient information at the beginning
and the end of sample, additional conditions have to be done. Not-a-knot end
conditions are optimal when observations preceding and following to interpo-
lated time range are not available (de Boor 1978).
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Figure 4.1: Quarterly growth rates of interpolated output























Table 4.1: Descriptive statistics (whole sample)
Mean Std. Dev. Skewness Kurtosis Min Max n
∆GDP 0.21 0.29 -1.88 10.41 -1.38 0.79 226
∆CPI 0.19 0.31 1.23 10.21 -0.68 2.06 226
PRIBOR 3.00 3.09 2.31 9.19 0.28 16.06 226
∆NEER -0.19 1.65 0.04 5.12 -6.79 6.23 226
∆CZK/EUR -0.12 1.37 0.83 6.08 -4.32 5.76 213
∆CZK/USD -0.11 3.06 0.45 3.44 -7.06 9.59 226
Table 4.2: Descriptive statistics (split sample)
Normal times Zero lower bound
Mean Std. Dev. n Mean Std. Dev. n
∆GDP 0.22 0.31 177 0.20 0.21 49
∆CPI 0.22 0.33 177 0.06 0.23 49
PRIBOR 3.73 3.12 177 0.36 0.07 49
∆NEER -0.29 1.75 177 0.16 1.20 49
∆CZK/EUR -0.21 1.46 164 0.17 0.93 49
∆CZK/USD -0.29 3.25 177 0.56 2.16 49
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Descriptive statistics in Table 4.1 provides some basic overall information
about macroeconomic development in Czechia during two last decades. The
output growth is positive for the most of time. The output growth is negatively
skewed - the stylized fact of the business cycles theory that crises are short and
deep applies to the Czech economy. Average quarterly growth rate of output is
0.21 %. Average values of the monthly inflation rate and the nominal interest
rate are positive. Consumer prices growths each month by 0.31 % in average.
The Czech crown appreciated from 1998 to 2016. The exchange rate CZK/USD
is more than two times volatile than the exchange rate CZK/EUR.
Interesting insight into development of macroeconomic variables we can
obtain when the dataset is divided into two subsamples. First part of data, de-
scribes the economy in normal times between January 1998 and October 2012.
The second subsample starts in November 2012 when the zero lower bound was
reached and ends in November 2016. The dataset contains 177 observations in
normal times1 and 49 observations at the zero lower bound. Table 4.2 reports
basic characteristics of variability for these two periods. The nominal interest
rate and its variability is much more lower at the zero lower bound as it is
expected. The interest rate close to zero also implies lower and more stable in-
flation than it is in normal times. The output growth is lower when the interest
rate is bounded by zero. The Czech crown appreciates during normal times.
The value of the Czech crown relative to other currencies decreased at zero
lower bound which was caused by the unconventional monetary policy of the
central bank. The exchange rate floor 27 Czech crowns per euro from Novem-
ber 2013 until the end of the sample implies low volatility of the exchange
rate CZK/EUR. From November 2013, the development of the exchange rate
CZK/USD is driven mainly by changes in the exchange rate USD/EUR. Dif-
ferent characteristics of variability under normal circumstances and at the zero
lower bound suggest that the transmission mechanism of the monetary policy
has changed dramatically. The structural break in the transmission mechanism
is investigated in next chapters.
Figure 4.2 and 4.3 provide additional information about the development of
macroeconomic variables. The Czech economy suffered from negative output
growth during the Great Recession and between 2012 and 2013 when the fiscal
policy was restrictive during economic slowdown. From Figure 4.2 we can see
that inflation rate was decreasing over time with the peak before the Great
1The first subsample includes only 164 observations of the exchange rate CZK/EUR since
the euro was introduced in 1999.
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Figure 4.2: Core dataset (interest rate in levels, other variables in monthly
growth rates)
























Nominal Effective Exchange Rate
Figure 4.3: Alternative specifications of the exchange rate (monthly growth
rates)













Recession. The interest rate declined from 1998 to 2005 as a consequence of
inflation targeting monetary policy regime. Then the interest rate started to
reflect macroeconomic conditions of the economy and at the end of 2012 has
reached zero. In the long run, the Czech crown appreciates. Interventions
of the CNB which was realized from the introduction of inflation targeting
until 2003 did not influence the development of exchange rates significantly
(Lízal & Schwarz 2013). From 2003 until November 2013 the CNB did not
use innervations again. Short periods of natural depreciation took place always
when the real economy activity was low. This finding is pronounced mainly
during the Great Recession, when the Czech crown depreciated significantly.
4.2 Stationarity
Because we want to show that classical linear VAR is inappropriate for the
estimation of the ERPT in Czechia, we investigate whether structural breaks
are present in linear VAR later in the article. Since the stability of VAR is
assumed, we analyse stationarity of used time series. For this purpose, some of
variables are transformed to growth rates which ensure the stability of multi-
variate time series models. Transformed data also allows easier interpretation.
Note that stationarity is not necessary for all considered time series, only sta-
bility of the whole system matters (Enders 1995). Moreover, there is not any
restriction regarding to the stationarity of data for TVP-VAR-SV since it is
estimated within Bayesian framework (Sims et al. 1990).
Table 4.3: P-values of augmented Dickey-Fuller test
Lags 0 1 2
∆GDP 0.08 0.00 0.15
∆CPI 0.00 0.00 0.00
PRIBOR 0.00 0.00 0.00
∆NEER 0.00 0.00 0.00
∆CZK/EUR 0.00 0.00 0.00
∆CZK/USD 0.00 0.00 0.00
Augmented Dickey-Fuller test and KPSS test are estimated to provide
complete overview about stationarity of data. Null hypothesis of augmented
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Table 4.4: P-values of KPSS test (p-value ∈ [0.01; 0.1])
Lags 12 13 14 15 16 17 18
∆GDP 0.10 0.10 0.10 0.10 0.10 0.10 0.10
∆CPI 0.10 0.10 0.10 0.10 0.10 0.10 0.10
PRIBOR 0.01 0.01 0.01 0.01 0.01 0.01 0.01
∆NEER 0.08 0.07 0.07 0.07 0.07 0.07 0.07
∆CZK/EUR 0.10 0.10 0.10 0.10 0.10 0.10 0.10
∆CZK/USD 0.10 0.10 0.10 0.10 0.10 0.10 0.10
Dickey-Fuller test with drift states the model with unit root
xt = xt−1 +
p∑
j=1
βj∆xt−j + εt (4.1)
against the alternative of autoregressive model with constant c
xt = c+ φxt−1 +
p∑
j=1
βj∆xt−j + εt, (4.2)
where x is considered variable, p is total number of lags, and φ is autoregressive
coefficient lower or higher than one. P-values of augmented Dickey-Fuller test
are summarized in Table 4.3.
Because alternative hypothesis of augmented Dickey-Fuller test is not able
to reject possibility of explosive behaviour of time series, the verification of
stationarity by KPSS test is necessary. KPSS test estimates structural model
xt = ct + u1,t (4.3)
ct = ct−1 + u2,t, (4.4)
where u1,t is a stationary process, u2,t is an independent and identically dis-
tributed process with mean 0 and variance σ2. The null hypothesis states that
process is stationary (σ2 = 0). Alternative hypothesis assumes a nonstationary
unit root process. Following Kwiatkowski et al. (1992), we include approxi-
mately
√
T lags in estimation process, where T is the length of time series.
Result are reported in Table 4.4.
Augmented Dickey-Fuller test rejects the null hypothesis of the presence
unit root for all variables. But KPSS test shows that the interest rate develops
as nonstationary process. Note that the interest rate develops as the nonsta-
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tionary process even when the deterministic trend is included into structural
model (equations 4.3 and 4.4). Hence, except the nominal interest rate, all
time series are stationary.
Chapter 5
Structural Break at the Zero
Lower Bound
The discussion of results obtained by linear vector autoreggresion is provided
before we move to estimations of the time-varying pass-through. Particularly,
we prove the presence of structural breaks in the linear multivariate model in
this chapter. Further, the original sample is dived into two parts to find out
whether the transmission mechanism of the exchange rate shock has changed
when the zero lower bound is reached. Estimations confirm that the trans-
mission mechanism changed although differently than we expected. Obtained
impulse responses suggest that the interest rate and consumer prices do not re-
sponse to the exchange rate shock when zero nominal interest rate is reached.
Higher response of output is obtained at the zero lower bound.
5.1 Linear Vector Autoregression
Linear VAR is simplified version of the model introduced in chapter 2. The





Biyt−i + A−1Σεt ut = A−1Σεt, (5.1)
where y is vector of endogenous variables, c is vector of constants, B is matrix of
lagged coefficients, p is number of lags, Σ denotes variance matrix, ut is vector
of structural errors, εt is independently and normally distributed noise and
lower triangular matrix A captures contemporaneous relation among variables.
Output growth, inflation rate, nominal interest rate and the growth rate of
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Table 5.1: Lag selection criteria for different specifications of the model:
Akaike information criterion (AIC), Hannan–Quinn information criterion
(HQ), Schwarz information criterion (SC), final prediction error (FPE)
Exchange rate Period AIC HQ SC FPE
NEER & CZK/USD
1998M01-2016M11 13 7 3 7
1998M01-2012M10 12 4 3 12
2012M11-2016M11 7 7 7 8
CZK/EUR
1998M01-2016M11 13 7 3 13
1998M01-2012M10 14 4 3 12
2012M11-2016M11 7 7 7 8
the nominal effective exchange rate are used as endogenous variables. Model is
estimated with four lags which is close to the minimal optimal number of lags
how they are computed by information criteria. Schwarz information criterion
suggests only three lags as the best option, but this number can be slightly un-
derestimated since Schwarz information criterion punishes heavily large models.
Remaining information criteria prefer model with more lags than we used (see
first row in Table 5.1). Therefore, we also estimated model with more lags, but
impulse responses and estimates of the pass-through show excessive volatil-
ity that is rather counterintuitive. We do not include trend1 and exogenous
variables2 into model since there are not present in the time-varying model.
Moreover, results remain unchanged when trend and the foreign price level are
included into model.
Obtained impulse responses after the depreciation develop in accordance
with the economic theory. The central bank increases the nominal interest rate
to offset the effect of the depreciation on the inflation rate and output. Despite
the reaction of the central bank, the deprecation stimulates output growth and
inflation. Only response of output is not statistical significant. Although the
ERPT to consumer prices is positive, its value is far away from the complete
pass-through. In the case of 1 % depreciation, average response of consumer
prices is only 0.069 %. The interest rate is raised by 0.678 % and out increases
by 0.082 % in average when a unit shock to the exchange rate occurs. The pass-
through to consumer prices (and output) is fast. Majority of the pass-through
is realised during the first year after the exchange rate shock. The development
1Decreasing nominal interest rate in the Czech Republic is the reason why the specification
of the model with deterministic trend is considered.
2Harmonised price index of the euro area is commonly used in VAR models for the Czech
Republic (see for instance Babecká 2007; Hájek 2014).
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Figure 5.1: Exchange rate pass-through (linear VAR)


















































































of cumulated impulse responses after a unit depreciation is depicted in Figure
5.1.
The model do not pass multivariate ARCH-LM test which states the con-
stant variance as the null hypothesis. We reject the null hypothesis of ho-
moskedasticity at all levels of significance. VAR with stochastic volatility seems
to be appropriate solution to this issue.
5.2 Chow Tests
Since we assume different transmission mechanism of the exchange rate shock
at the zero lower bound and under normal circumstances, we run set of Chow
tests intended for multivariate models. We estimate breakpoint test, sample-
split test and Chow forecast test. All tests are specified in the way that the null
hypothesis represents stability of system and alternative hypothesis proposes
time variation in coefficients. Tests are estimated for each observation between
January 2002 and December 2014. Boostraped p-values are utilized because
distributions of the test statistics under the null hypothesis may be quite differ-
ent from the asymptotic χ2 or F-distributions when the number of observations
is not large relative to the number of parameters in the model (Candelon &
Lütkepohl 2001). One hundred of bootstrapped replication is computed for
each test.
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Figure 5.2: Bootstrapped p-values of Chow multivariate tests




















The break point test examines whether some structural break occurs in the
sample at given time. No structural break is expected under null hypothesis.
The rejection of the null hypothesis implies the presence of the structural break
at considered period. The possibility of different parameters in the white noise
covariance matrix is also counted in test statistics. The null hypothesis of the
sample-split test relies on the assumption that the residual covariance matrix is
constant. The test is checked against the alternative that the VAR coefficients
may vary. The Chow forecast test tests against the alternative hypothesis that
all coefficients including the residual covariance matrix may vary.
The obtained results for the break point tests suggest the presence of the
structural break for all data points between January 1998 and December 2014.
According to sample split tests, VAR coefficients are not constant for the most
of observations. When Chow forecast tests are considered, the break in param-
eters occurs at the beginning of the Financial crisis of 2007-2008. To sum up,
there is strong evidence that VAR coefficients are time-varying.
5.3 Structural Break in Transmission Mechanism
Because multivariate Chow tests deny single linear VAR as the appropriate
model and the economic theory expects the structural break at zero lower
bound, we decided to estimate vector autoregressive model separately for two
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subsamples. The break point in the sample is dedicated to November 2012,
when the CNB decreased the nominal interest rate to technical zero.
The comparison of obtained impulse responses for both subsamples confirm
that the transmission mechanism of the exchange rate shock changed signif-
icantly after November 2012. Cumulated impulse responses are depicted in
Figures 5.3 and 5.4. Results for the first subsample are similar to the model
which considers whole sample. Specifically, all variables responses to unit de-
preciation slightly more when only the sample until November 2012 is used.
Average value of cumulated responses after two years from initial shock are
reported in Table (5.2).
The estimated model for the subsample at the ZLB provides much more
interesting findings. The exchange rate pass-through to consumer prices is
insignificant and close to zero although the transmission of the depreciation
through the interest rate channel practically disappeared as we expected. The
long-term ERPT to price level is 0.028 % at the zero lower bound (0.076 %
under normal circumstances). It means that the average response of consumer
prices to the exchange rate shock decreased more than by 63 %. Results show
that the entire transmission of the exchange rate shock goes only through the
output growth3. Two years after a unit depreciation, output increases by 0.117
% when the nominal interest rate si bounded. Under normal circumstances
output increases by 0.109 %.
Although after the division of the sample, linear VAR is able to capture the
structural break of the transmission mechanism at the zero lower, more flexible
approach is desirable. Multivariate ARCH-LM test denies the constance of
variance in the case of the first subsample. Furthermore, splitting the sample
into two parts does not take into account existence of other structural breaks
which Chow tests identified. These issues are solved by time-varying estimation
of the pass-through in Chapter 6.
5.4 Results for Alternative Specifications
To provide complete evidence for linear VAR, the results with alternative spec-
ifications of the exchange rate are also reported in Tables 5.1, 5.2 and 5.3. The
exchange rate pass-through to consumer prices is lower for both bilateral ex-
change rates and it completely dispersers at the zero lower bound. The interest
3Due to small number of observations,the long-term ERPT to output is not statistically
significant for the second subsample.
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Figure 5.3: Exchange rate pass-through in normal times















































































Figure 5.4: Exchange rate pass-through at the zero lower bound
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Table 5.2: Cumulated impulse responses after two years from initial shock
Exchange rate Period GDP CPI PRIBOR ER
NEER
1998M01-2016M11 0.082 0.069 0.678 0.692
1998M01-2012M10 0.109 0.076 0.737 0.679
2012M11-2016M11 0.117 0.028 0.023 0.789
CZK/USD
1998M01-2016M11 0.028 0.025 0.345 1.136
1998M01-2012M10 0.031 0.028 0.407 1.076
2012M11-2016M11 0.171 -0.004 0.008 1.824
CZK/EUR
1998M01-2016M11 0.215 0.059 0.754 0.739
1998M01-2012M10 0.262 0.078 0.931 0.662
2012M11-2016M11 0.189 -0.040 -0.004 0.806
Table 5.3: Multivariate ARCH-LM test
Period NEER CZK/USD CZK/EUR
1998M01-2016M11 0.0000 0.0000 0.0000
1998M01-2012M10 0.0000 0.0000 0.0000
2012M11-2016M11 0.9996 0.9996 0.9996
rate channel works only under normal circumstances. Unit depreciation of the
exchange rate CZK/USD has much bigger long-term impact on output at the
ZLB (0.171 %) than in normal times (0.031 %). This sharp change in the re-
sponse of output at the zero lower bound can be explained by the exchange
rate floor committed by the CNB for the most of observations in the second
sample. Since the exchange rate CZK/USD closely follows the development
of the bilateral exchange rate USD/EUR, the depreciation of the Czech crown
relative to the dollar actually means the depreciation of the euro relative to the
dollar. the deprecation of the euro to the dollar stimulates the world demand
for the euro area production. The deprecation of CZK/USD has indirect posi-
tive impact on the Czech output since the export from the euro area becomes
relative cheaper on the world market, and hence the demand for Czech inputs
in the euro area is higher. It is worthy to note that described indirect effect of
CZK/USD depreciation on output exists even when the exchange rate floor is
not committed, but it is not so strong.
Surprisingly, a unit depreciation of the Czech crown to the euro brings
relative smaller output stimulation at the ZLB (0.262 %) than under normal
circumstances (0.189 %). The limited time-variation of the exchange rate af-
ter the adoption of the exchange rate commitment by the CNB can serve as
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This chapter presents estimated time-varying exchange rate pass-through to
inflation and output. Obtained results deny hypothesis which assumed higher
pass-through to consumer prices when the interest rate is bounded by zero.
The depreciation stimulates output only slightly more at the zero lower bound
than under normal circumstances. As we expected, the interest rate channel
has disappeared completely when the nominal interest rate approached to zero.
Main features of the development of time varying pass-through correspond to
estimations obtained by linear VAR for normal times and period of the zero
lower bound. Our results are similar to conclusions of other empirical articles
(Iwata & Wu 2006; Jašová et al. 2016; Özyurt 2016) which do not find the
support for the hypothesis that the pass-through to inflation is higher at the
zero lower bound how economic models predict (Lízal & Schwarz 2013).
The model with time-varying parameters is separately estimated for three
alternative specifications of the exchange rate. Markov-switching Monte Carlo
simulation, specifically Gibbs sampler, is used to obtain parameters of interest.
The estimation process for each model consists of 20,000 simulations. First
10,000 iterations are discarded to allow for convergence. Moreover, to minimize
autocorrelation of draws, only each fifth iteration is retained. Reported results
are based on the 2,000 remaining iterations.
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6.1 Nominal Effective Exchange Rate
In the baseline model, the exchange rate is specified by the NEER which reflects
exchange rates between the Czech crown and other currencies according to
importance of mutual trade balance.
6.1.1 Stochastic volatility
Posterior mean of standard deviation of residuals depicted in Figure 6.1 jus-
tifies why stochastic volatility is incorporated into the model. We can clearly
see that the standard deviation process is not constant for any variable. In
output equation, two major peaks occur during economic crises. First exceed
in the volatility is dated to 2008 when the Czech economy was hit by the Great
Recession. Second peak can be find in 2013 when the restrictive fiscal policy
and low economic activity caused economic crises. Inflation exhibits periods of
higher volatility before and during the Great Recession. From 2010, the volatil-
ity is stabilized at the lower value than which one prevailed before the crisis in
2008-2009. Note that volatility was considerable higher at the beginning of the
Figure 6.1: Posterior mean of the standard deviation of residuals
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sample when inflation targeting was adopted. The nominal interest rate expe-
rienced highest volatility in the late 90’s as a consequence rapidly decreasing
interest rate due to stabilization of inflation around its target. Another peak
in the standard deviation process in the interest rate equation is visible during
the Great Recession when the CNB tried to offset negative demand shock by
the lowering the policy rate.
The model correctly captures zero volatility at the zero lower bound. The
NEER is the most volatile variable in the model. Visible peaks occurs during
periods of large appreciations (1999,2002) and depreciation (Great Recession,
the beginning of the exchange rate commitment in 2013) of the Czech crown.
Overall, residuals are more volatile primarily during Great Recession. The
stabilisation of monetary policy between 1998 and 2000 is the important source
of volatility for nominal variables.
6.1.2 Exchange Rate Pass-Through
Estimated median impulse responses to the exchange rate shocks (deprecation)
are presented in Figure 6.2. Median time-varying exchange rate pass-through
for different horizons is depicted in Figure 6.3. Obtained time-varying pass-
through is fast. More than half of the pass-through to output and consumer
prices is realized during first six months after a unit exchange rate shock.
Furthermore, the pass-though to output is almost finished after one year. The
interest rate responses to the exchange rate shock slower than other variables
since the it is specified in levels.
We find that the pass-through to the consumer price index is incomplete
and decreasing over time as Taylor (2000) suggests. Prices response no more
than by 0.11 % after a unit depreciation at the beginning of the sample. The
pass-through was decreasing until 2011 when its value was stabilized around
0.05 %. The hypothesis that the exchange rate pass-through to the price level
is higher at the zero lower bound is clearly rejected. Our results corresponds to
Jašová et al. (2016) who find lower pass-through in emerging economies after
the Great recession. Similarly, Özyurt (2016) observes sharp decline in the
ability of the exchange rate shock to stimulate inflation in the euro area in
2012.
The development of the pass-through to output is more complicated. Time-
varying estimations suggest temporary deep drop of the pass-through between
2000 and 2008 with the through in 2002. Responses of output to exchange rate
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Figure 6.3: Time-varying exchange rate pass-through (NEER)
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shocks look to be stable for remaining observations, although at the end of the
sample we can notice slightly higher pass-through. A unit exchange rate shock
is not able to stimulate output growth no more than by 0.1 % and the pass-
through is zero or even negative in 2002. Clear explanation why output did not
response to the exchange rate shocks in 2002 does not exist. We assume that
the obtained estimations for this period are given by atypical development of
macroeconomic variables in Czechia - the Czech crown appreciated significantly
although the output growth was close to zero. To compare, Franta et al. (2011)
do not identify any temporal change in the pass-through to output in 2002.
Instead of it, Franta et al. (2011) conclude that the pass-through to output is
stable over time.
The importance of the interest rate channel was declined from the beginning
of the sample until 2010. According to our results, the central bank increased
the policy rate by 1.2 % in a reaction to a 1 % depreciation in 2000. However,
the interest rate was increased only by 0.15 % if a 1 % deprecation occurred in
2010 or later. This corresponds to the reality that the interest rate was set to
zero after the Great Recession, and therefore the central bank has any reason
to offset the exchange rates shocks since its objective is to stimulate inflation
which is below target. Hence, time-varying VAR with stochastic volatility
allows to capture the transmission mechanism at the zero lower bound without
any additional modification as Nakajima (2011a) points out.
Exchange rate shocks are not persistent since cumulated values of impulse
responses are lower than one. It implies that deprecation shocks are followed
by periods of appreciations. Cumulated values of exchange rates shocks slowly
increase over time.
Similarities in results of baseline linear and time-varying models occur. The
interest rate channel disappeared at the zero lower bound in both models. Si-
multaneously, we find lower pass-through to consumer prices when interest rate
reached zero. However, time-varying pass-through gives us some important ad-
ditional insight to the development of transmission mechanism. Firstly, the
interest rate channel and the pass-through to inflation were diminishing gradu-
ally. Moreover, we identify the temporary change of the pass-though to output
between 2000 and 2008.
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Figure 6.4: Dependence of the pass-through on prior beliefs (NEER)
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Figure 6.5: Dependence of credible intervals on prior beliefs (NEER)
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6.1.3 Sensitiveness of Results to Priors
To provide sensitiveness check of priors, we also estimated the model for tighter
and looser specifications of prior beliefs. Cumulated impulse responses after two
years from the initial shocks to the exchange rate are provided in Figure 6.4.
When higher prior volatility is introduced into the system, the pass-through to
output in the absolute value is higher at the beginning of the sample, in 2002
and at the zero lower bound. It implies that the pass-through to output might
be higher at the zero lower bound how the economic theory predicts. Tight
priors naturally lead to smoother estimation of the pass-through which does
not provide any additional information.
Figure 6.5 shows estimations of time varying pass-through with 68 % cred-
ible intervals for different priors. We can see that higher time variation costs
precision of results. When priors are specified less tight, credible intervals are
wider. Large uncertainty of the size of the pass-through is at the end of the
sample because cumulative values of exchange rate shocks has become more
volatile when the CNB began to commit the exchange rate floor. Intuitively,
credible intervals are narrower for responses of the interest rate to depreciations
at the zero lower because the central bank have no reason to raise the policy
rate since it wants to stimulate inflation which is below the target.
6.2 Exchange Rate CZK/EUR
Posterior mean of the standard deviation for output, inflation and interest rate
equation evolves almost equally when bilateral exchange rates are used instead
of the NEER. Peaks in stochastic volatility in the exchange rate equation are
more pronounced when the exchange rate CZK/EUR is used instead of the
Figure 6.6: Posterior mean of the standard deviation of residuals (CZK/EUR)
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Figure 6.8: Time-varying exchange rate pass-through (CZK/EUR)
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NEER. The highest volatility was during the Great Recession. Considerably
higher volatility in exchange rate was also in 2002 and 2013 when the CNB
introduced the exchange rate floor as unconventional monetary policy tool.
The model correctly estimates very small volatility of the exchange rate when
it was de facto fixed by the CNB.
Estimations for the exchange rate CZK/EUR are depicted in Figures 6.7 and
6.8. The pass-through to consumer prices varies less when we use CZK/EUR
exchange rate instead of the NEER. The pass-through is highest during the
Great Recession (approximately 0.05 %) and then it decreased below 0.02 %.
Output at the beginning of the sample responses to depreciations much less then
during Great Recession and period of the zero lower bound. The temporary
change in the pass-through to output is also confirmed for this specification.
Higher pass-through to output and inflation at the zero lower bound is rejected.
Some issues are related to obtained results. The interest rate channel did
not disappeared at the zero lower bound, and hence estimated pass-through
is based on incorrect assumption that central bank increases its interest rate
if the exchange rate depreciates. Furthermore, the short-term pass-through to
the price level is negative.
6.3 Exchange Rate CZK/USD
The posterior mean of standard deviation of residuals in the exchange rate
equation is high in comparison to other specifications of the exchange rate.
The highest volatility of the exchange rate was during the Great Recession.
Figures 6.10 and 6.11 present obtained results. The pass-through to output
is increasing over time with exception between years 2000 and 2004, when the
Figure 6.9: Posterior mean of the standard deviation of residuals (CZK/USD,
depreciation)
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Figure 6.11: Time-varying exchange rate pass-through (CZK/USD)
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impact of the exchange rate on output was negligible. Hence, hypothesis which
states that the pass-through to output is higher at the zero lower bound is
confirmed. Note that although the output responses more to the depreciation
at the zero lower bound, the pass-though is still less than 0.07 % (two times
lower than for CZK/EUR exchange rate).
When we compare the development of the pass-through to output among
alternative specifications of the exchange rate, we find that the pass-through
increased at the zero lower bound the most when the exchange rate CZK/USD
is used for the estimation. Oppositely, the zero lower bound did not affect the
pass-through to output if CZK/EUR exchange rate is used in the model. In
the case of the NEER, we obtain slight increase of the pass-through at the zero
lower bound. These time-varying estimations are analogous to results of linear
VAR (split sample) in Chapter 5.
Responses of other considered variables are similar to the core model which
includes the NEER. The transmission of the exchange rate shocks through
the interest rate channel completely disappeared when the interest rate has
reached zero. The pass-through to consumer prices is decreasing over time,
and hence we can clearly conclude that Svensson (2000)’s assumption of higher
pass-through at the zero lower bound does not hold for the Czech Republic.
This conclusion is robusts among different definitions of the exchange rate.
Moreover, similar results are also obtained by linear VAR.
6.4 Monetary Policy Implications
Our findings have important momentary policy implications since the effective-
ness of the CNB’s unconventional monetary policy depends on the size of the
exchange rate pass-through. Specifically, the CNB committed the exchange
rate floor from November 2013 to April 2017 with objection to achieve the in-
flation target. Because the introduction of the exchange rate floor 27 Czech
crowns per the euro implied 5 % depreciation in November 2013, we summa-
rize expected contribution of 5 % depreciation to the price level and output in
Table 6.1. Reported values are cumulative impulse response to 5% exchange
rate shock in November 2013. Time horizon of cumulated impulse responses is
two years.
Since the commitment is related to the euro, we primarily consider the
model with CZK/EUR exchange rate. We find that 5 % depreciation increased
the price level after two years only by 0.116 %. The commitment stimulated the
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Table 6.1: Cumulated responses of output and the price level to the 5 % de-
preciation shock in November 2013
Response of
Exchange rate GDP CPI
NEER 0.435 % 0.229 %
CZK/EUR 0.781 % 0.116 %
CZK/USD 0.274 % 0.088 %
output growth by 0.781 %. Both estimations are statistically insignificant due
to wide credible intervals which are typical for employed methodology. How-
ever, our policy implication that the exchange rate commitment stimulated
output more than inflation corresponds to Opatrný (2016) who finds insignif-
icant positive effect of the CNB’s commitment on the price level and slightly
positive and statistically significant impact on output. Possibility of the smaller
pass-through than it was initially expected is also admitted in Tomšík (2016).
When other specifications of the exchange rate are considered, the 5 % depre-
ciation led to lower contribution to the output growth. Additionally, when the
NEER is used, the impact of the 5% exchange rate shock on the price level is
nearly two times higher than for the model with CZK/EUR exchange rate. To
conclude, estimated effect of the 5 % depreciation is far away from expected
outcome of the exchange rate commitment as unconventional monetary policy
(Tomšík 2016).
Since the CNB terminated the exchange rate floor in April 2017, we are
interested in the future development of prices and output if some significant
appreciations of the Czech crown will occur. For this purpose, estimations for
the last observation (November 2016) can serve as reference value for future
macroeconomic development. According to our results, we assume that the
possible appreciation does not represent large threat to the future development
of prices or output because the pass-through was quite low in November 2016.
However, the pass-through might be slightly higher now than in November 2013
when the exchange rate commitment was introduced.
The investigation how the size of the pass-through depends on macroeco-
nomic variables can serve to the deeper understanding of the pass-through.
Simultaneously, when the monetary authority knows correlation relationships
between pass-through and macroeconomic condition, it can easier predict ex-
pected impact of the exchange rate management. Table 6.2 reports results of
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Table 6.2: Pearson’s product-moment correlation of the pass-through and









simple correlation analysis1. Except of already described variables, we also in-
clude the Harmonised Indices of Consumer Prices (HICP)2 to our analysis since
Mumtaz & Surico (2012) point out that international common factor explains
the historical decline in the level of inflation in developed economies.
The pass-through to consumer prices is significantly3 correlated with output
growth, interest rate, domestic and foreign inflation rate. Contradictory to
Hájek (2014), we find positive relationships between output growth and the
pass-through to inflation. Our finding can be explained by higher willingness
of firms to internalize costs of depreciations during recession than in periods
of expansions (Cheikh 2012). Obtained positive correlation coefficients of the
pass-through to the price level and inflation (domestic and foreign) and the
nominal interest rate are in the accordance with economic theories (Taylor 2000;
Takhtamanova 2008; Mumtaz & Surico 2012). Especially, the pass-through to
the price level is closely associated with the nominal interest rate (correlation
coefficient is 0.73).
The pass-through to output is significantly negatively correlated with these
variables: output growth, interest rate and foreign inflation. From obtained
correlation coefficients we can see that the pass-through to output is higher in
situations when the pass-through to the price level is rather low. From this
point of view, the substitution effect between the pass-through to inflation and
output is present.
1Reported correlations are computed for the baseline time-varying model with the NEER.
2The HICP is transformed to the monthly growth rate.




The paper has provided insight to the development of the exchange rate pass-
through in the Czech Republic during two lasts decades. The proposed hypoth-
esis that the pass-through to consumer prices is higher at zero lower bound has
been rejected. According to our results, output responses only slightly more
to the exchange rate shock when the interest rate is close to zero than under
normal circumstances. Despite the rejection of the main hypothesis, the struc-
tural break in the transmission mechanism has been identified at the zero lower
bound as we expected. Existence of multiple structural breaks has confirmed
the necessity to estimate the time-varying pass-through. The main benefit of
used methodology is an opportunity to determine the size of the pass-through
for each month separately.
The evaluation of the effectiveness of the exchange rate management on
macroeconomic variables is the main contribution of this article to recent lit-
erature. Our results are similar to other empirical studies (Iwata & Wu 2006;
Jašová et al. 2016; Özyurt 2016), which find only limited support for the higher
pass-through at the zero lower bound. From this point of view, there has re-
mained unsolved discrepancy between empirical findings and the prediction of
economic models which promote the exchange rate floor as a appropriate un-
conventional monetary policy tool for small open economies (Svensson 2000;
Malovaná 2015). Obtained time-varying estimations have also important mon-
etary policy implications. They can serve to the evaluation of the exchange
rate commitment of the Czech National Bank introduced in November 2013.
Furthermore, the estimation of the pass-through for the last observation in
our sample (November 2016) can be viewed as the suggestion what happens
to inflation and output growth if the Czech crown will appreciate after the
7. Conclusion 50
termination of the exchange rate commitment in April 2017.
The identification of determinants of the pass-through is a possible exten-
sion of this paper. How important is re-exportation of the Czech export and
whether the depreciation of the euro can significantly stimulated the demand
for the Czech intermediates in the euro are is another option for further re-
search. Although time-varying estimation of the pass-through is quite flexible,
there are still open questions related to the exchange rate pass-through in the
Czech Republic which cannot be answered by this methodology. For instance,
the different impact of depreciations and appreciations on the size of the pass-
through cannot be identified by time-varying VAR. Similarly, we do not know
from obtained results whether the pass-through differs for small and large ex-
change rate shocks.
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Figure A.1: Exchange rate pass-through (CZK/EUR)



















































































A. Supplement Figures II
Figure A.2: Exchange rate pass-through in normal times (CZK/EUR)



















































































Figure A.3: Exchange rate pass-through at the zero lower bound (CZK/EUR)






















































































A. Supplement Figures III
Exchange Rate CZK/USD
Figure A.4: Exchange rate pass-through (CZK/USD)

















































































Figure A.5: Exchange rate pass-through in normal times (CZK/USD)

















































































A. Supplement Figures IV
Figure A.6: Exchange rate pass-through at the zero lower bound (CZK/USD)























































































Figure A.7: Exchange rate pass-through with 68 % credible intervals (NEER)
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A. Supplement Figures V
Figure A.8: Exchange rate pass-through with 68 % credible intervals
(CZK/EUR)
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Figure A.9: Exchange rate pass-through with 68 % credible intervals
(CZK/USD)
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